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(71) We, North American Rockwell 
Corporation, a Corporation organized and 
existing under the laws of the State of Dela- 
ware. United States of America, of 2300 East 
5 Imperial Highway, Qty of El Segundo, 
State of California, United States of America, 
do hereby declare the invention, for which 
we pray that a patent may be granted to 
. us, and the method by which it is to be 
10 performed, to be particularly described in 
and by the following statement: — 

This invention relates to a solid state 
tunnel cathode. 
For many applications, vacuum tubes 

15 using electron beams have not yet been re- 
placed by solid state devices. In such appli- 
cations^ which include cathode ray video 
and storage tubes, and microwave beam 
tubes including magnetrons, travelling wave 

20 tubes, klystrons, and crossed field power 
generation tubes, the thermionic cathode still 
is used. This is so despite the fact that 
such thermionic cathodes have high operat- 
ing temperatures (typically ^1,000**K) which 

25 make such emitters unsuitable for emission 
of electrons into other solids, which results 
in considerable cathode instability, and 
which accounts for considerable noisiness of 
the cathode. 

30 A solid state electron emitter capable of 
operation at high current densities, low 
power, low noise, and at low temperatures 
is the ideal objective for a device to replace 
the thermionic cathode. The tunnel cathode 

35 represents a promising development in the 
search for such a cold emitter. However, 
limitations inherent in materials used for 
known tmmel caliiodes have made such 
emitters impractical for device applications. 

40 Known tunnel cathodes employ a three 
[Price 25 p] 



layer structure including a polycrystalline 
metal base, a very thin, electnceiliy insulat- 
ing polycrystalline film (typically an oxide of 
the metal used for the base) on top oi the 
base, and a very thin metal emitter film 45 
atop the insulating barrier. Typical of such 
known tunnel catiiodes is the aluminium- 
aluminium oxide-gold thin film device de- 
scribed by C, A. Meade, beginning on page 
646 of the article, "Operation of Tunnel ^ 
Emissiou Devices", Journal of Applied 
Physics, Volume 32 (1961). 

The theory of operation of such a metal- 
insulator-xnetal tunnel cathode is described, 
e.g., in the article entitled, "Research m 55 
Tunnel Emission'^ by Wolfgang Feist, IEEE 
Spectrum, December 1964, beginning at page 
57. This article also sets forth numerotis 
short-comings of the known devices includ- 
ing the limitation thgt considerable scatter- 60 
ing of the tunnelling electrons occurs in the 
polycrystalline insulating barrier and in the 
polycrystalline metal emitter layer. The re- 
sultant low electron transfer ratio severely 
restrigts the efficiency of such known art 65 
tunnel cathodes and limits the maximum 
current density , obtainable from such de- 
vices. These and other hnaitations of the 
known devices are discussed in detail here- 
inbelow, in conjunction with Figure 1, which 70 
illustrates a typical prior art tunnel ca&odc. 

In accordance vidfli the present invention, 
there is provided a tunnel cathode comprising 
a monocrystaline base, a thin film mono- 
crystalline insulating barrier on the base and 75 
a thin layer monoprystalline semiconductive 
material disposed on the barrier $erwig a$ 
an emitter, the emitter having an electron 
density therein lower than the electron den- 
sity of gold. The tunnel cathode of the 80 
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present inventLon has considerably reduced 
scattering in the insulating barrier and emit- 
ter layer. Further, use of a senuconductor 
emitter with a relatively high mean-free- 
5 path for tunnelling electrons enables ^e 
anitter layer to be thicker than that of the 
known devices with a concomitant decrease 
in resistive losses therein. Sigmficantly 
higher electron current density is obtained 
10 fr^ the present tunnel cathode than with 
known devices. ... ^. 

The entire structure of the mvenUon may 
be febricated on a smgle crystal, electncally 
insulating substrate. When an appropnate 
15 bias voltage is appUed between the base and 
the emitter layers, electrons from the base 
tunnel through the insulating barrier and 
through the semiconductor emitter into the 
region above the emitter layer. 
20 The suigle crystal tunnel diode may be 
constructed by epitaxial chemical vapour 
phase deposition of a metal (eg., tungsten 
or molybdenum) on a smgle crystal, elec^n- 
caUy msulating substrate such as sapphire. 
25 Next, a monocrystaUine insulating barner 
teR of aluminium oxide) may be provided 
^ on top of tiie base by electron beam ^^cuum 
deposition. Finally, epitaxial dep^ition of 
a semiconductor (e.g., siUcon) from tiie 
30 vapour phase provides a smgle crystal 
endtter at the top of the instdating bamer. 
(Otiier materials which may be used in ttie 
structure are discussed hercinbelow m con- 
junction witii Figure 2). ^ ' ^ 
3* Tunnel cathodes, so produced have a 
" variety of uses. For example, they may be 
used in place of a thermionic cathpde m 
various types of video and controlled elec- 
tron beam tubes. Further, the tunnel cathode 
40 accordmg to the present invention inay re- 
place various special purpose electon 
sources such as Corona brushes m electro- 
static devices, or may be used as an elec- 
tron beam molecule ionizer in a mass 
45 spectometer or an ionization gauge. 

The tunnel cathode of the present inven- 
tion wiU now be described, by way of 
example only, witii reference to the accom- 
panying drawings in which: — 
50 Figure 1 is a greatiy enlarged perspective 
view, in partial section, of a knovwi prior 
art tunnel cathode. 

Figure 2 is a greatiy enlarged perspective 
view, in partial section, of a monocrystaUine 
55 tunnel cathode in accordance witii the 
present invention, . 

Figure S is a schematic diagram showing 
the energy band structure ^f a typical tmi- 
nel cathode with no bias voltage apphed, 
AO Figure 4 is an energy band diagram ot a 
tunnel cathode wifli a bias -voltage greater 
than die equivalent work potential of the 
emitter applied between the base and the 
emitter layers, . - , 

65 Figure 5 is a greatiy enlarged, simplihea 



perspective view illustrating use of the tunnel 
catiiode of tiie present invention as the elec- 
tron source for a tube-like device mcorpor- 
ated into an integrated circuit and 

Figure 6 is a perspective view, m partial /U 
section, of a storage tube utilizmg the tunnel 
cathode of tiie present mvention as a replace- 
ment for a flood gun. ,u a m i« 

A typical prior art tunnel catiiode 10 is 
iUustrited in FIG. 1. As shovm, tunnel 75 
cathode 10 comprises a polycrystalhne metal 
base 11, typically of alummum. Atop base 
11 is a very tiiin polycrystalline msulating 
barrier 12 (generally about lOOA in tiiick- 
ness), usually produced by oxidizmg the 80 
metal of base 11. Polycrystallme noetal 
emitter layer 13 also is very thin (about 
100 A tiiick). and typicaUy is of gold. Battery 
17 connected between base 11 and emitter 
13 is used to provide tiie necessary potential »5 
to initiate tunneling. 

A simplified energy versus distance dia- 
gram of a tunnel catiiode is shown in FIG. 
3. Electrons in base 11 and in emitter 13 
occupy energy levels up to the respective 
Fermi levels Ep and Ep . Note tiiat the 
1 a 

Fermi levels of base 11 and emitter 13 each 
lie below tiie conduction band of tiie poly- 
crystaUine insulating barrier 12 and above 
its valence band. The work function 0 rep- 
resents the characteristic amount of work 
requked to remove one electron from the 
interior of emitter 13 to a position wi ^ 
vacuxmi just outside the emitter. 100 

When a voltage Vb is applied between base 
11 and emitter 13 of tunnel catiiode 10 (for 
example, by means of battery 17. as showa 
in FIG. 1) the Fermi level of tiie emitter is 
shifted down witii respect to die Fermi level iu> 
of the base by the amount qVt where V b 
is the applied battery voltage and q is 
the charge of an electron. Provided tiiat 
tiie battery voltage Vb exceeds the height 

of the vacuum barrier voltage [— Vgl. die 

resultant energy band structure will resemble 
that illustrated in FIG. 4. ^ • .^^r 

Assummg that insulatmg barner 12 is 115 
sufiBcientiy tiun, electrons then can tunnel 
from base 11 to emitter 13. This results 
from the quantum mechanical wave proper- 
ties of the electirons whereby, tiiey can 
penetrate as an attenuated wave through 120 
regions where electrons classicaUy could not 
exist with positive Idnetic energy. 

The tunneling electiDns arriving in emitter 
13 are called **hot" electrons, since then: 
energies -are significantly above tiie Fenm 125 
level Ep . If tiie mean-free path of tiie hot 

electrons is large in comparison mth die 
tiiickness of emitter 13, a portion of tiiese hot 
electrons will tiwel flirough emitter 13 and 130 
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escape into the vacuum region thercbeyond. 
Those electrons which cannot be enuttect 
either because too much of their energy has 
been lost from collisions in emitter 13 or 
5 because they arrived at emitter 13 initiaUy 
with too little energy to go over vacuum 
barrier 0, eventually will faU below the 
Fermi level Ep and will be conducted 

3 

10 away through battery 17. 

The above description is based on an 
idealized model of the tunnel cathode shown 
in FIG. 1. However, a more realistic evalua- 
tion of the device indicates the shortcom- 

15 ings typical of the prior art. First, consider 
the requirement for field emission of elec- 
trons from metal base 11. An approximate 
description of the requirements for field 
emission from base 11 into insulating barrier 
region 12 is provided by the foUowing 
Fowler-Nordhehn relationship for the cur- 
sent density J emitted from a metal into a 
vacuum: 

25 , ' 

r ^ J = a E, e (1) 

In equation (1), a and b are constants, the 
later depending on the work function of the 
metal, and Eo is the electric field gradient at 
the emitting surface of the metal (corres- 
ponding to surface 14 in FIG. 1). Note that 
the current density J is independent of tem- 
perature, as long as the thermal energy is 
smaU compared with the energy required to 
surmount the work barrier at the surface 

^-^ of the metal. Numerical evaluation of 
equation (1) mdicates that significant cur- 
rents are not emitted from metal base 11 
until Eo reaches values of 10^ volts per 
centimeter. 

40 In the tunnel cathode of FIG. 1, the field 
gradient Eo at surface 14 is provided by the 
the electric field resulting between base 11 
and emitter 13 when battery 17 is connected. 
Although equation (1) does not directly 

45 place constraints on the thickness of insulat- 
ing barrier 12, the high field gradient re- 
quired across surface 14 can be achieved 
with reasonable bias potential only with 
a very thin insulating barrier fihn 12. As an 
example, the highest dielectric strength for 
a thick mica sheet is about lO'V/cm. How- 
ever, when a dielectric is very thin its 
dielectric strength increases greatty, thus 
the required hi^ field gradient Eo has been 

55 adiieved in the prior art by restricting the 
thickness of insulating barrier 12 to very 
thin fihns, perhaps less than 100 A. 

With an insulating barrier 12 having a 
sufficient dielectric strength to allow a field 
gradient Eo greater than 10' volts per centi- 
meter to be achieved at interface 14, quan- 
tum mechanical conditions allow electrons 
near the Fermi band m base 11 to tunnel 
throu^ the forbidden region of insulating 

"65 barrier 12. Band theory, applied to siidh 



electrons tunneling through insulatmg barrier 
12, requires that the electrons be considered 
moving as plane waves. In the conduction 
band of the insulating barrier, the electron 
plane wave normally is treated as travers- 70 
ing an ideal periodic lattice, with interference 
phenomena occurring for which the ratio of 
the wavelength to the periodicity distance is 
the decisive parameter. However, in the 
real case, it is doubtful that this is the 75 
picture. 

Insulating barrier 12 of prior art tunnel 
cathode 10 is polycrystalline, and hence 
includes a large number of crystal grain 
boundaries and lattice defects. In such 80 
material, the electrons are not well shielded 
and may act as space charge centers distort- 
ing the surroundings. Moreover, interaction 
between electrons and nonperiodic lattices 
occur. In particular, hot electrons will be 85 
scattered by elastic electron-phonon colli- 
sions and by other interactions with lattice 
defects and crystal grain boundaries in bar- 
rier layer 12. 

Yet another Ihnitation of the prior art poly. 90 
crystalline insulating barrier 12 is that poly- 
crystallme materials include trapping sites, 
the presence of which may lead to localized 
breakdown of the barrier at electric field 
levels significantiy below that required to 95 
obtain emission from base 11. Moreover, flie 
space charge effect of such trappmg sites 
limits the current which can flow through 
insulating barrier 12. 

The hot electrons which do survive pas- lOO 
sage through insulating barrier 12 are sub- 
jected to even more severe scattering losses 
in polycrystalline metal emitter layer 13. 
Typically, only 0.1 percent or less of the hot 
electrons which penetrate into emitter layer 205 
13 emerge into the vacuum therebeyond. 
This percentage may be expressed as a 
transfer ratio or ratio of the mmiber of 
electrons emergent from the emitter 13 to 
the mnnber of electrons entering emitter 13 ii a 
from insulating barrier 12 through interface 

In the prior art, metal emitter 13 typically 
was of polycrystalline gold. The transfer 
ratio of a gold film 100 A thick is appraxi- 115 
mately 10-^. For a thickness of 150 A the 
transfer ratio of gold barrier layer 13 drops 
to about 10-*; at 200 A thickness the trans- 
fer ratio is about 5 x 10"^ a very severe 
loss indeed. Thus, for reasonable transfer 120 
ratios in a polycrystalline gold emitter 13, 
it is nnperative that tiie layer be less than 
about 100 A thick. 

. The low transfer ratios of polycrystalline 
metal films result from severe scattering of 125 
the tunneUng electrons by electron-phonon 
and electron-electron collisions. When the 
electrons iare traveling at energies near the 
Feraii level Ep of emitter 13, the primary 
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colHstons are elastic electron-phonon. How- 
ever when the tunneling electrons have 
energy in excess of Ep , the mean-free path 

5 for electron-electron collision decreases con- 
siderably and for excess energies in the 
order of 3 electron-volts, scattering is 
attributed primarily to inelastic coUisions 
with conduction electrons. Thus, the motion 

10 of hot electrons is essentiaUy baUistic. 

The number of electrons transferred 
through metal-emitter layer 13 at a par- 
ticular energy level decreases wi^ dist^ce 
X according to the factor E'^/X where 

15 X = (1/3Xb^p) for the diffusion case and 
X =:Xe for the ballistic case- (Ap = the 
mean-free path for electron-phonon colh- 
sions; Aj; equals the mean-free path for 
electron-electron collisions.) For gold. Ap 

20 is approximately 240 A and \^ is approxi- 
mately 100 A- Since the hot electrons travel- 
ing throu^ gold emitter 13 are m excess of 
Fermi energy Ep , the primary collisions are 

25 electron-electron; the fact that Ae is less 
than 100 A is consistent with the low trans- 
fer ratio of gold noted above. 

Moreover, since metal layer 13 is poly- 
crystalline, severe scattering due to lattice 

30 defects, crystal grain boundaries, and the 
presence of foreign ions and trappmg sites 
also is common. 

Additional problems arise when emitter 
layer 13 is made extremely thin, as required 

35 for reasonable electron transfer ratios. First, 
the area resistivity is quite high, thus when 
electrons captured in emitter 13 are con- 
ducted into battery 17 (see HG. 1) exces^ve 
ohmic heating may occur in the fihn. This 

40 limits the maxmnim current density obtain- 
able from the device and causes the maxi- 
mum current density during continuous 
operation to be significantly lower than that 
obtainable during pulsed operation. More- 

45 over, such thm emitter 13 fihns are sus- 
ceptible to damage by exposure to air and 
water vapor. , . - a 

Typical emission densities obtainett 
from prior art, aluminum-aluminum oxide- 

50 gold tunnel cathodes (configured as shown 
hi FIG. 1) are 10 ma/cm^ for continuous 
operation and 10 A/cm" under pulsed 
couditipns. , . . ^ 

The diflficulty associated with pnor art 

55 tunnel cathodes (typified by the device of 
FIG. 1) are overcome using the inventive 
tunnel cathode structure illustrated in FIG. 
2 As shown tfaerem. tunnel cathode 20 
comprises a metal base 21 of monocrystallme 

60 metal. Epitaxially disposed on monocrystal- 
lme base 21 is insulating barrier 22, itself 
monocrystallme. Atop insulating bamer 22 
is monocrystalline emitter 23, ^ch is ot 
a semiconductor material. The entire stoic- 

65 ture may be fabricated on a monocrystalhne 



substrate 27 of electrically insulating 
material. Tunnel cathode operation is ob- 
tamed when an appropriate bias voltage Vb 
is apphed between base 21 and emitter 23 by 
means of battery IT. 

The energy band diagrams or l-iui>. 
and 4 are appUcable to the inventive tunnel 
cathode of FIG. 2. However, very significant 
differences exist between the operation ot the 
prior art polycrystaUine cathode and the 
novel monocrystalline tunnel cathode illus- 
trated in FIG. 2. , . ^ - «,i,^« 

With respect to insulatmg bamer 22, wnen 
made of monocrystalhne material, it is able 
to withstand significantly higher electric field 80 
gradients without breakdown than is a poly- 
Srystalline barrier. This, of course, results 
from the absence of trapping sites withm 
the monocrystalMne material. Moreover, 
since a monocrystaUine material has few it »:> 
any lattice defects or crystal gram bound- 
aries, electron scattering within msulating 
barrier 22 is substantially less than m the 
polycrystaUine insulating barrier 12 of the 
prior art Moreover, a monocrystalhne struc- 90 
ture has inherently greater mechamcal 
stabiUty than does a polycrystallme material. 
Hence, a monocrystallme insulatmg bamer 
is much less subject to mechanical break- 
down under the stress of the high electnc ^5 
field required for electron emission from 
the base. ^ • 

Wit^i respect to emitter layer 23 the im- 
provement in performance of the inventive 
tunnel cathode of HG. 2 is even greater, 
First, recaU tiiat for hot electrons the 
primary scattering m emitter layer 23 is due 
to electron-electron coUisions. Companng 
the properties of gold fihns witii tiiose of 
a semiconductor, it is noted that the election 
density m gold at room temperatures is 
about 10^' electrons/meter* whereas the 
carrier density for even heavUy doped sUi- 
con or germanium would not exceed about 
10^ electrons /meter*. Since the baUistic 110 
electron-electron coUision probabUity vanes 
inversely with conduction carrier density, 
the result is that the mean-free path K for 
sUicon is much greater than the mean-free 
patii Xe for gold. for sUicon having a 115 
value on die order of 1,000 A. For silicon, 
the mean-free path for electron-phonon col- 
lisions Ap also is on the order of l.OOA. 

The expected transfer ratio for sUicon 
can be computed from tiie equation: 120 



3X 



3X 



(AkAp)1/2 100 
e = e 

(2) 



For a 1,000 A fihn (0.1 micron), a transfer 
ratio of 0.74 may be expected. This is con- 
siderably greater than that exhibited by a 130 
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100 A gold film such as utilized in the prior 
art tunnel cathode of FIG 1. 

Since the mean-firee path for electron- 
electron and electron-phonon collisions are 

5 significantly higher in monocrystalline sili- 
con than in a polycrystailine metal, the thick- 
ness of emitter layer 23 may be substantially 
greater than that of prior art metal emitter 
layer 13. This greater allowable thickness 

10 offsets the effect of lower conductivity in the 
monocrystalline semiconductor emitter 23 
which otherwise may result in current limit- 
ing if the electrons trapped in the emitter 
are not returned to ground. Moreover, since 

15 far fewer hot electrons are absorbed in 
monocrystalline semiconductor emitter 23 
than in polycrystailine metal emitter 13, re- 
sistive heating in the emitter layer is sig- 
nificantly reduced, thus making the thermal 

20 dissipation requirements of the sihcon film 
less severe than those of prior art metal 
emitter 13. 

Use of high resistance semiconductor 
material for emitter layer 23 may effect die 

25 potential profiles both across the surface of 
the emitter and in a direction normal to the 
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surface. Thus it may be desirable to use a 
graded emitter wherein the conductivity in- 
creases from a minimum at interface 25 to 
a maximum at the emitting surface 26. Such 
a graded resistivity profile easily may be 
obtained during the epitaxial growth from 
the vapor phase of emitter 23, as described 
hereinbelow. 

When using 0,1 micron of silicon for 
emitter 23, contmuous emission densities of 
about 1 A/cm** may be expected, as com- 
puted using equation (1) (corrected for emis- 
sion into insulating barrier 22 rather than 
mto a vacuum) and the monocrystaUine sili- 40 
COT . transfer ratios described hereinabove. 
This is to be compared with outputs of 10"* 
A/cm^ for prior art tunnel cathodes such as 
that shown in FIG. 1. An emission density 
of 1 A/cm^ is quite sufficient to compete 45 
with theimionic cathodes. 

MonocrystalUne tunnel cathodes in ac- 
ranJance with the present invention may be 
fabricated from various combinations of 
materials including but not limited to those 50 
hsted m the following Table L 
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Substrate 

sapphire 

sapphire 

sapphire 

sapphire 

sapphire 

sapphire 

sapphire 

sapphire 

magnesia 

magnesia 

magnesia 

magnesia 



Base 

tungsten 

tungsten 

tungsten 

tungsten 

molybdenum 

molybdenum 

molybdenum 

molybdenum 

tungsten 

tungsten 

molybdenum 

molybdenum 



TABLE 1 

Insulating Barrier 
aluminum oxide 
aluminum oxide 
almninum oxide 
aluminum oxide 
aluminum oxide 
aluminum oxide 
almninum oxide 
aluminum oxide 
magnesium oxide 
magnesium oxide 
magnesium oxide 
magnesium oxide 



Emitter 

silicon 

gjsrmanium 

zinc sulfide 

gallium arsenide 

silicon 

germanium 

zinc sulfide 

gallium arsenide 

silicon 

^rmanium 

silicon 

gennanium 



Moreover, it also is possible to utilize a 
monocrystalline semiconductor for base 21. 
Thus the inventive tunnel cathode also may 
be fabricated of the following combinations- 
of materials : 
75 Si/SiO/Si, W/SiO/Si, W/SiO/«^ 

With respect to monocrystalline base 21 
(see FIG. 2), the material used should be one 
having a work function of sufficientiy low 
value so that a reasonable bias voltage Vi, 
80 will ensure tunneling. Moreover, the material 
should be one which can be deposited in 
siagle crystal form on an appropriate electri- 
cally insulating single crystal substrate 
material. 

85 Among the materials which can be used 
for base 21 are tmigsten and molybdenum. 
As described by Arnold MiUer et al be- 
ginning on page 263 of the book "Metallurgy 
of Advanced Electronic Materials", Volume 

90 19, Interscience Publishers, (1963), single 
crystal tungsten may be deposited on an 'dec- 



tncaHy msulating substrate of angle crystal 
samphire by hydrogen reduction of WFe. 
Qystallographic orientations observed as a 
function of substrate face where: 95 



(IIIV // (1011)^, 



0 ' 

a 8 



(ooiv // (1012V o ; 

3 3 



(113)w // (1123)^ o ; (lll)w // (0001)^ o . 
o . , « 3 100 

Smgle crystallme tungsten also can be pre- 
pared by the same chemical vapor phase 
deposition process on a substrate of 
magnesia. 

The abiUty to control crystaU6graphic 105 
onentahon of the metal used for mono- 
crystalhne base 21 is important because the 
work function of base 21 is dependent on the 
^ys^ographic plane parallel to interfece 
24. Tins dependence (for tungsten) may be 110 
,^^f^in the data in Table H below 
denyed &om field emissioh measiiremcnts. 
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TABLPII 

Tungsten Electronic 
Crystallographic Work Function 
Plane (in electron volts) 

233 4.46 

123 ^-^"^ 

,12 4.65-4.88 

Oil 5-70-5.99 

10 116 4-29 

111 4.39 

112 4.65 
Polycrystalline 4.50 

15 As noted above, the electronic work function 
is the characteristic amount of work re- 
anired to remove one electron from tte 
^terior of base 21 to a position just outside 
thereof. , , ^ * 

20 Molybdenum (with a work funcboa of 
about 4.23 electron volts) also has been pre- 
pared m single crystal fonn on a number of 
dectricaUy insulating substrates mcludmg 
sapphire. MgO. BeO. and magnesium alum- 

25 inatc spinel. In each case, epitaxial depo- 
sion was carried out by pyrolysis of molyb- 
denum hexachloride in a hydrogen atmos- 

^^Yarious other materials may be select^ 
50 for monocrystalline base 21. In this regard. 
^ following Table HI below lists *e.^f ttomc 

work funrtions of selected matenak which 

may be prepared in single crystal fonn for 

use as base 21. 
35 TABLE III 

Electronic 
Material for Work function 
Base 21 (in electron volts) 
W 450 
Ge 4.78 

Si ^-2? 
Bi . 4.28 

Au . 458 

Mb 4.23 
Ni 4.74 
Fe 4.70 
The work functions Usted in Table III are 
approximate values: the exact value will 
50 va^ somewhat depending on the crystaUo- 
eraphic orientation of base 21. 

Lisnlating barrier 22 preferably is of a 
material having a band gap sufficientiy wde 
so that, with bias voltage apphed. the dis- 
55 tance between the Fermi level Ef of base 



TiC. and BaS. . „„ 

Monocrystalline insulating bamer 22 may 
be prepared by epitaxial deposition onto 
upper surface 24 of the previously prepared 
combination of substrate 27 and mono- 70 
crystalline base 21. For example. Al^Oa can 
be deposited in smgle crystal form onto 
monocrystalline base 21 of tungsten or moly- 
bdenum prepared as described heremabove. 
To achieve such epitaxy, the combination of /5 
substmte 27 and base 21 is placed m a 
high vacuum chamber and heated to a tem- 
Deratute above the epitaxial temperature of 
about SOO-C. A thin fihn of AiP, then is 
deposited by electron beam vacuuna tech- W 
niques. Alternatively. Al^O, may be de- 
posited in single crystal form by chemical 
vapor phase deposition using a gasrous 
aluminum-alkyl mixed with CO, and hydro- 
gen as the starting material. Smgle crystal 85 
aluminum oxide fihns of thicknesses up to 
200 A have been prepared in this manner; 
such tiiickness is commensurate wiUi or 
greater than tiiat required for insulating 
barrier 22. . ^ ^ 

Monocrystalline semiconductor emitter 
layer 23 may be of silicon, germanium, anc 
sulfide or gallium arsenide. Silicon has been 
deposited epitaxially on various insulating 
mjrterials including « -Al^O, by hydrogen » 
reduction of SiCU or HSiQ,. and by tiieimal 
decomposition of SiH». 

The silicon orientation achieved will de- 
pend on flte orientation of the alummium 
Sdde insulating barrier 22. which m tijm 100 
will depend on the orientation of base 21. 
Typical silicon orientations on a— AlA in- 
clude, but are not limited to, 
(100)si//(10.2)m o : (111)s.//(11.0)ai 0 ; 
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21 and the upper edge of the valence 
band of barrier 22 is larger than the vacuum 
work function of emitter 23. Of course, msul- 

60 ating barrier 22 also should compnse a sub- 
stance which can be deposited epitaxially on 
the material selected for monocrystallme 
base 21. Materials which meet both requue- 
ments for insulating Earner 22 inclu^^ 

65 are not limited to. Al A> MgO, SiO. ThOt, 



(111)si//(00.1)ai^o . 

Gennanium may be produced epitaxially 
by pyrolysis of germane. As with silicon, the 
oriwitatibn of this chemical vapor phase de- HO 
posited gennanium is controlled by the 
orientation of the underlying single crystal 
deposition surface. 

During the chemical vapor phase deposi- 
tion of emitter 23, a resistivity changing 115 
dopant of a kind well known to those skiUed 
in the art may be introduced into the depo- 
sition chamber to control the resistivity of 
the deposited semiconductor. By changing 
the concentration of the dopant as emitter 120 
23 increases in thickness, a controlled, 
graded resistivity profile may be produced. 

While the preceedmg discussion has 
emphasized the use of a metal for mono- 
crystallme base 21, it also is possible to use 125 
a semicondiKtor material such as silicon or 
germanium for this monocrystalline layer. 

The inventive tunnel cathode described 
hereinabove finds a vride variety of applica- 
tions, only a few of which are described be- 130 
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low. For example, a tunnel cathode Aa 
accordance with the present invention may 
be used as an electron souicg in a tube to 
perform circuit functions not convenient with 
5 solid state devices. Such functions include, 
e.g., the control of high voltages, amplifica- 
tion in the XJHF or VHF region (using nega- 
tive grid tubes), and control of signals which 
naturally are voltages rather than currents. 

10 Tubes using the inventive tunnel cathode 
even may be hybrid into an mtegrated micro- 
electronic circuit. An example of such a 
hybrid circuit is showa in FIG. 5. In par- 
ticular, integrated circuit 40 is moimted on 

15 base 41 and hetmetically sealed inside hous- 
ing 42 so that the entire interior region may 
be evacuated. Integrated circuit 40 may be 
fabricated on a monocrystalline electrically 
insulating substrate 43 (e.g., of sapphire) 

20 and may contain various islands 44 and 44' 
of a semiconductor such as silicon, epi- 
taxially grown on substrate 43. Islands 44 
and 44' may be appropriately processed to 
provide diodes, transistors, or other semi- 

25 conductor circuit elements. 

Tunnel cathode 45 ^laving the charac- 
teristics described in conjunction with FIG. 
2 above) may be grown epitaxially directly 
on substrate 43 and may contain mono- 

30 crystalHne metal base 46, monocrystalline 
insulating barrier 47, and monocrystalline 
emitter 48, corresponding tespectively to 
layers 21, 22, and 23 in the embodiment 
of FIG. 2. 

35 Electrons from tunnel cathode 45 etnerge 
from the top surface of emitter 48 and may 
be used in a tube-like structure comprising 
grid 49 and plate 51 which are suspended 
abov6 tunnel cathode 45 by means of tripod 

40 legs 50a, 50b, and 50c. Grid 49 is electricaUy 
insulated from legs 50a, and 50b and ekc- 
trically coimected to 50c. Similarly, plate 51 
is electrically insulated from legs 50b and 
50c and electrically connected to leg 50a, 

45 thus legs 50a and 50c provide electrical 
connection for the grid and plate respec- 
tively. IMn fihn electrical conductors 52 
and 52' provide inter-connectibns between 
the various elements of microcircuit 40. 

50 Since the entire hybrid circuit 40 is contained 
in an evacuated hermetically sealed struc- 
ture 42, no additional housing is required 
for the tube, ^ ^ 

Tunnel cathodes made in accordance 

55 with the present invention also may be used 
to inject electrons dhrectiy into a solid rather 
than into a vacuum. Thus tmmel cathodes 
such as that shown in FIG. 2 may be used 
as part of a solid state tunnel emission 

SO triode prepared by providing an additional 
insulatmg layer (not illustrated) over 
emitter 23 and overlaying this additional 
insulating layer witii a final metal fihn to 
serve as a collector for the triode. Electrons 

^5 possessing suflScient momentum to overcome 



the work function of emitter 23 now find 
themselves in the conduction band of the 
second insulator and will be accelerated to- 
ward the positively biased collector. In an 
^PPfopriate circuit, current gain may be 70 
realizxd. Moreover, appropriate modulation 
of the bias voltage Vb apphed to the tunnel 
cathode also may permit modulation of the 
electron stream. 

Yet another possible application of the 75 
inventive tunnel cathode of FIG. 2 is as part 
of an electroluminescent device. For ex- 
ample, a phosphor layer (not illustrated) may 
be evaporated on top of emitter 23 and a 
transparent conducting fihn deposited on top 80 
of the phosphot layer. By impressing a 
sufficientiy high voltage across the phos- 
phor, electrons from the tunnel cathode 
may be accelerated to an energy at 
which they can energize defects in the phos- 85 
phor crystal lattice, thereby causing light 
emission. Such structures may be attractive 
as illummation panels, replacing the very 
inefficient prior art electroluminescent panels 
which depend on an alternating electric field 90 
gradient in the phosphor to produce fight. 

Where a tunnel cathode according to the 
invention is used as a source of electrons 
within a tube, it is preferred that the base 
should have an electronic woric function of 95 
between four and six electron volts and 
that tiie emitter should have a hot electron 
transfer ratio greater than 0.005. 

Li many appHcations, the inventive tunnel 
cathode described hereinabove can replace 100 
a conventional thermionic cathode, often 
with improved perfotmance. One such ap- 
plication is a flood gun in a storage cathode 
ray tube; such an application is illustrated 
in FIG. 6. As shown in FIG. 6, storage 105 
cathode ray tube 55 comprises base 56, ^ass 
outer shell 57, and storage screen 58. A 
concentrated stream of electrons, used for 
reading and writing, is produced by conven- 
tional electric field deflection plates 60 and 110 
by immersion magnetic lens and beam de- 
flection assembly 61. 

A tunnel cathode in accordance with the 
present invention serves as flood gun 62 (see 
FIG. 6). Flood gun 62 may be Substafttially 115 
annular in shape with a central openisig to 
allow passage of the electrons from g"un 59. 
Flood gun 62 comprises monbCaystalline sub^ 
strate 63, monocrystalline metal base 64, 
monocrystalhne insulating barrier 65, and 120 
bionocrystalline emitter 66, fespectively 
equivalent to layers 27, 21, 22 and 23, of 
the tunnel cathode shown in FIG. 2. 
Appropriate electrical connections to the 
various components witiun tube 55 may be 125 
made via pins 67 extending from base 56. 

Use of the inventive tiiimel cathode as 
flood gun 62 in storage tube 55 has a number 
of outstanding advantages over conventional 
flood guns. In particular, it is desirable 130 
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that flood guns provide a unifonn electron 
cloud over the entire surface of screen 58. 
Such a unifonn cloud is extremely difficult 
to achieve conventionaUy since the electtons 

5 from prior art flood guns, originatmg from 
a smaU surface area, were focused at least 
partially by magnetic lens and beam deflec- 
tion assembly 61. In the past. Hm often has 
resulted in the requirement that the lens 

10 and beam assembly be shut off at tunes when 
the flood gun was in operation. _ 

Since essentially uniform electron onission 
occurs over the entire, large surface of tunnel 
cathode flood gun 62. the electrons ex- 

15 perience Uttle or no focusing due to the 
effect of magnetic lens 61 and provide a 
uniform electron cloud at the surface of 
screen 58. Moreover, the continuous emission 
density from flood gun 62 need not be ve^ 

20 high. For example, tunnel cathode flood 
em 62 may have an area of from 1 square 
hich to 10 square indies. At an emission 
density of only 1 ma/cm=. flood gun citt- 
rents of from 6.5 to 65 ma can be obtamed; 

25 such currents are more than satisfactory for 
flood gun applications. _ 

Other appUcations of flie mventive sohd 
state tunnel catiiode include use as electron 
beam molecule ionizers in mass spectro- 

30 meters and ionization gages, as a replace- 
ment for beta ray sources m TR bo^ 
(where electirons must continually be jntto- 
duced to insure fliat tiie device wll fire 
properly), and as a replacement for Corcma 

35 brushes in such appUcations as VanDeGraff 
generators, air partide ionizers in preapitors. 
and aircraft electrostatic discharge systems. 
The inventive tunnel cathode also may be 
used as an electron source for a secondaiy 

40 emission amplifier. Such amplifiers reqmre 
low input current density and mcrease the 
density to values usable even in power tubes. 
For example, a six stage bucket dynode 
multipKer having a voltage drop of ^oo 

45 volts across tiie dynode diain can multiply 
a tunnel catiiode emission density oi l 
ma/cm» to an output of 7 A/rai. This 
current output density is competitiye with 
tiie best thermionic catiiodes ever budt 

50 Still anotiier use of the tunnel cathode is as 
an M-type non-reenfa»nt crossed field power 
amplifier. These devices utilize an electnc 
field generated by a slow wave structure, to 
cause electirons to move along <grcloida^ 

55 tiaiectories vritii increasing energy. In sucn 
a device, tiie inventive timnd catiiode could 
be used botii as tiie original electron source 
and also as a source to inject clft^ns into 
flie interaction space, substantially reducing 



a loss problem associated vdth prior art 60 
crossed field amplifiers. 

WHAT WE CLAIM IS:— 

1 A tunnel catiiode compnsmg a mono- 
crystalline base, a tiiin fihn monoc^rstaUme 65 
iiiulating barrier on tiie base and a thm 
layer monocrystalline semiconductive mate- 
rid disposed on tiie barrier servmg as an 
emitter, the emitter havmg an electron 
TS therein lower tiian die electron 70 

'**'?'^^VtuSel* catiiode accordmg to claim 
1 including an electrically insulating sub- 
siate material beneatii said base and 
attached thereto. ^. ^ , . 

3 A tunnel catiiode accordmg to dam 

1 or 2 wherem tiie base is of tungsten, molyb- 
denum, gold, bismufli. nickel, iron or silicon, 
fte hairier is of alumimum oxide, sihcon 
monoxide, magnesium oxide, thonum oxide. 80 
titanium carbide or banum sulfide, and tiie 
semiconductive emitter material is sihcon. 
germanium. gaUium arsenide or zmc sulfide. 

4 A tomnel catiiode accordmg to claun 1. 

2 or 3 including means connected to tiie »5 
emitter and base for providing a bias v^tage 

to tiie ttinnel catiiode said bias voltage bemg 
ereater tiian tiie work function of flie base. 

5 A tunnel catiiode accordmg to any 

of the preceding claims wherem the earner yu 
density in tiie emitter material does not 
exceed 10" electtons per cubic meter. 

6 A tunnel catiiode according to any ot 
the preceding claims wherein tiie emitt:er has 

a graded resistivity profile. ='3 

7 An election tube having a source oi 
electitms witiiin Iflie tiibe compnsmg a 
ttmnd catiiode according to any of &e pre- 
ceding claims wherein tiie base has an 
electtonic work function of between four loo 
and six electron volts and flie omtter has 

a hot dectton tiansfer ratio greater tiian 

0.005. . „ J 

8. A tunnd catiiode substantially as de- 
scribed wifli reference to Figures 2. 5 or 6 105 
of tiie accompanying drawings. 

9 A vacuum tube substantially as de- 
scribed with reference to Figure 6 of tiie 
accompanying drawings. , . „ , 

10 A source of electixms compnsmg a 110 
tunnd catiiode according to any of clams 

1 to 8 in combmation with means for utuiz- 
ing elections provided by the source. 

REDDIB & GROSE. 
Agents for the Applicants. 
6. Bream's Buildings, 
London B.C.4. 
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